o ey 4
<@ sustainability ﬂw\p\py

Article

Optimizing the Operation of Animal Shelters to
Minimize Unnecessary Euthanasia: A Case Study in
the Seoul Capital Area

Jun Hyeok Kang and Jinil Han *

Department of Industrial and Information Systems Engineering, Soongsil University, Seoul 06978, Korea;
wnsprl@soongsil.ac.kr
* Correspondence: jinil. han@ssu.ac.kr

Received: 1 November 2019; Accepted: 25 November 2019; Published: 27 November 2019 ﬁr:,e(fgtz);

Abstract: To build a sustainable social system in the future, the promotion of animal welfare, as well
as human welfare, is essential. In this study, we address the issues related to animal euthanasia
that are commonly encountered in animal shelters. Many animals entering an animal shelter are
euthanized in shelters due to the lack of physical facilities, and new strategies are needed to reduce
such euthanasia. For this purpose, we show that it is possible to reduce euthanasia numbers by
utilizing the space resources of the animal shelters efficiently and by sharing these space resources
appropriately among shelters. To achieve this, we propose mathematical optimization models that
determine operational schedules of given shelters with the objective of minimizing euthanasia rates.
To demonstrate the superiority of our approaches, we conducted a case study at the animal shelters in
the Seoul capital area. Through the case study, we show that operating schedules obtained from our
model can reduce euthanasia significantly, 30% on average, due to the efficient utilization of facility
space in the shelters. We demonstrate that our approaches can have a high impact on improving
animal welfare in shelters if they are properly combined with strategies encouraging adoptions.

Keywords: animal shelter, euthanasia, optimization, scientific decision-making

1. Introduction

Building a sustainable social system for the future of humanity is one of the big challenges the
world faces today. To accomplish this, we are striving to achieve specific goals such as responding
to climate change, building a green energy system, ensuring healthy living, and reducing social
inequality [1]. In a sustainable society, animal welfare, as well as human well-being, can become
sustainability measures because we can judge how mature the society is from its attitude toward
animals that are weaker than humans [2].

As Korea has joined the ranks of advanced economies since the beginning of the 21st century,
the number of companion animals has increased dramatically to the extent that today it becomes
one-fifth of the population. Accordingly, the number of stray animals, such as cats and dogs, is rapidly
increasing every year. In 2017, the number of rescued stray animals exceeded 100,000, an increase
of 14.3% compared with the previous year [3]. When an animal is rescued, it is first sent to a nearby
animal shelter (municipal shelter or privately-owned shelter), and the shelter notifies the public, via the
Internet or other means, of the fact that the animals that have been admitted are protected in the
shelter for a fixed period of time (currently ten days). If the original owner does not appear during
this period, ownership of the animal is passed to the municipality. Such animals are then protected
in shelters, and in this case, adoption by the general public is most desirable not only for animals
but for society as a whole. However, animals in shelters can be euthanized when they are no longer
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accepted at the shelter because of a lack of budget or a lack of physical facility [4,5], and natural deaths
often occur during the protection period due to poor shelter conditions and resulting infections [6,7].
In 2017, among rescued animals entering shelters in Korea, approximately 14.5% were returned to the
owners, approximately 27.1% died from natural causes, and approximately 30.2% were adopted by
the public. Unfortunately, about 20.2% of rescued animals were euthanized [3]. As Figure 1 shows,
the proportion of animals euthanized tends to decrease every year due to increasing public interest
in animal welfare, such as the reduction of the negative perception towards stray animals. However,
the rate of euthanasia in Korean shelters is still very high compared to other developed countries,
indicating the poor level of animal welfare in Korea.
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Figure 1. Fates of animals entering shelters in Korea.

The primary cause of high euthanasia rates in Korean shelters is that the number of animal shelters
is not increasing enough for the growing number of rescued animals under circumstances where the
adoption rate is decreasing, as shown in Figure 1. Because the infrastructure for the animal shelter
cannot be expanded in a short period of time, this study deals with ways to reduce the number of
unnecessary euthanasia procedures by efficiently utilizing the existing space resources of the given
shelters. We note that, because each shelter is operated independently in the form of direct management
or private consignment within one municipality, there are difficulties in resolving problems through
information sharing and cooperation among shelters. Therefore, this study aims to study methods of
optimizing the operation of animal shelters, including animal transfer between the shelters. It will be
shown that scientific decision-making through effective resolution of optimization problems associated
with animal shelter operations can greatly contribute to the increase in the number of animals protected
and the decrease in the euthanasia numbers in the shelters.

There have been few studies that deal with quantitative analysis on the management of animal
shelters or approaches to reduce euthanasia rates. The authors of [8] conducted a pilot study to
determine whether there is a higher risk of euthanasia related to the source of acquisition for pets
surrendered to an animal shelter. They showed that animals acquired from shelters had lower rates of
euthanasia than most other sources, which indicates that shelter-sourced animals can be considered
a preferred source for pet acquisition to help in reducing the number of adoptable pets euthanized.
In [9], the authors studied a shelter management model called Capacity for Care (C4C), which
calculates the optimal daily population in the shelter based on meeting the shelter’s goals of anticipated
adoptions and improved animal housing. The results of the study showed that implementing C4C
was associated with lower daily populations, increased probability of adoption, and decreased the
probability of euthanasia in the shelter. In [10], the authors investigated the determinants of adoption or
euthanasia of cats and dogs from a large municipal animal shelter. They constructed logistic regression
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models predicting the conditional probability of adoption from variables such as age, sex, coat color,
and reasons for relinquishment. Using these models, the authors quantified the preferences of adopters,
using this information to devise strategies to increase adoption rates and decrease euthanasia rates.
The authors of [11] studied a free adoption strategy to reduce crowding and euthanasia at cat shelters.
They showed that using free adoptions can increase adoptions significantly with no evidence for
adverse outcomes associated with free adoptions via an Australian case study. Therefore, free adoption
promotions during times of overcrowding can help animal shelters.

We note that, because each shelter is operated independently in the form of direct management
or private consignment within one municipality, there are difficulties in resolving problems through
information sharing and cooperation among shelters. Therefore, this study aims to study methods of
optimizing the operation of animal shelters, including animal transfer between the shelters. It will be
shown that scientific decision-making through effective resolution of optimization problems associated
with animal shelter operations can greatly contribute to the increase in the number of animals protected
and the decrease in the euthanasia numbers in the shelters.

This paper is organized as follows. Section 2 describes the optimization problem associated with
animal shelter operations considered in this study. The descriptions of data used in our case study in
the Seoul capital area is given in Section 3. The results of our case study are presented in Section 4,
and our conclusions are given in Section 5.

2. Problem Description and Optimization Models

In this section, we first describe the operation of animal shelters related to euthanasia and then
define the optimization problem to minimize unnecessary euthanasia.

According to the survey on animal welfare conducted by the Korean government in 2016,
the average protection period of rescued animals in shelters nationwide is 23.4 days. Because the
current animal protection law in Korea requires that rescued animals be protected for ten days,
animals are euthanized or adopted on average within 13.4 days after the end of the notification
period. The main reason for the euthanasia at the shelter is the saturation of the facilities in the
shelter. With an average adoption rate of approximately 30%, it is physically impossible to house the
nearly 100,000 animals a year at the 293 shelters throughout Korea. Moreover, because the budget for
the protection of shelter animals is at a minimum cost level in line with the legal protection period,
a certain level of euthanasia is inevitable for each shelter to operate the facility within the limited
budget. However, the unavoidable euthanization of animals that do not have health problems should
be minimized to promote animal welfare. Based on the appeals by veterinarians and shelter staff in
charge of euthanasia, it is also important to reduce excessive mental stress from animal euthanasia
experiences [12,13]. To this end, in the long run, the number of stray animals should be reduced
through policy measures, such as inducing changes in the perception of companion animals and
enacting laws to curb excessive reproduction. It is also essential that the number of shelters and animal
shelter budgets be increased. However, such policies are long-term measures. In this study, therefore,
we investigate ways to reduce the number of euthanasia through the effective short-term operation of
animal shelters.

Currently, in Korea, each local government unit has approximately 10 to 50 shelters which
operate independently of each other. Therefore, some shelters may have a lack of capacity due to
the large number of rescued animals that are admitted during a certain period of time, while other
shelters may have sufficient capacity due to the relatively small number of admitted animals. In other
words, an imbalance in capacity between the shelters can occur, which can lead to unnecessary
euthanasia. If shelters can share the information about the number of additional animals they can
accommodate, the transfer of animals from overcrowded shelters to relatively less-crowded shelters
may enable the effective use of available resources for rescued animals and also reduce the number of
unnecessary euthanasia. In this study, we aim to minimize such unnecessary euthanasia by solving
the optimization problem that determines the euthanasia schedule at each shelter and the animal
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transfer plan among the shelters. Prior to presenting our optimization models, let us first define the
notations that will be used throughout the paper.

Sets and indices
N the set of animal shelters,
T={1,...,7} the set of time periods (day),

Parameters

R;; the number of animals entering shelter i at time ¢,

Di; the number of natural death occurring at shelter i at time ¢,
Aj the number of animals adopted from shelter i at time t,
CAP; the capacity of shelter i,

TMIN, TMAX  the minimum and maximum number of animals that can be transported via a vehicle
between shelters at one time,

w, B,y weight of each term used in the objective function,

6 ratio of allowable excess to the capacity of the shelter,

Decision variables

di the number of animals euthanized at shelter i at time f,

Sit the number of animals at shelter i at the end of time ¢,

0j the number of animals in excess at shelter i at time ¢,

Xt the number of animals moved from shelter i to shelter j at time ¢,
Yijt binary decision to move animals from shelter i to shelter j at time .

With the notation defined, we present the optimization model that aims to minimize unnecessary
euthanasia by utilizing the transfer of animals between shelters and by allowing an acceptable level of
excess capacity at the shelters.

(P)mina ) Y di+BY. Y Y vie+rY, ) o 1)

ieNteT iEN jEN:j#i teT ieNteT
stosip1+Ry+ Y, Xjp— Y, Xji—di— Dy — Ay = sy VieN,teT, (2
JEN:j#i JEN:j#i
sit < CAP; + 0j Vie NteT, (3)
0 <6-CAP, VieN,teT, (4)
xijt < TMAX - yjj; Vie N jeN,teT, (5
TMIN - yijr < Xijt Vie N jeN,teT, (6)
sig = CAP; Vie N, (7)
sir < CAP; Yie N, (8
sit, dit, 0it, Xijy > 0, 9)
yijr € {0,1}. (10)

Constraints (2) ensure that the number of animals being protected at each shelter is preserved
on a daily basis. To be specific, the number of animals at the end of the day must equal the number
of animals in the previous day plus the number of animals entering the shelter including rescued
animals and those transferred from other shelters minus the number of animals leaving the shelter
including those adopted, deceased from natural causes, euthanized, and transferred to other shelters.
These constraints have essentially the same meaning as the well-known inventory balance equation
used in inventory management systems. Constraints (3) impose an upper bound on the number
of animals at each shelter at the end of the day, which equals the capacity of the shelter plus the
number of animals in excess of the capacity of the shelter. In Constraints (4), the maximum number
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of animals housed in excess of the capacity is determined by a specific ratio (J) to the capacity of the
shelter. Constraints (5) and (6) state that if the transfer of animals from shelter i to shelter j occurs
(ijt = 1), the number of animals to be transferred must be at least TMIN and not more than TMAX.
Constraints (7) set the number of animals in the shelter at the beginning of the planning horizon equals
the capacity of the shelter. This reflects the fact that shelters are often overcrowded in Korea because
the number of animals rescued per year is greater than the number of animals that all shelters can
accommodate per year. Constraints (8) ensure that the number of animals protected in the shelter at
the end of the planning horizon cannot exceed the capacity of the shelter. Constraints (9) and (10)
are the nonnegativity and binary restrictions of the decision variables. Finally, the objective (1) is to
minimize total costs, which are defined by the weighted sum of the number of animals euthanized,
the number of animals transferred between shelters, and the number of animals housed in excess of
the capacity of the shelter over a planning horizon.

The model (P;) solves the problem of minimizing unnecessary euthanasia by including the
number of euthanasia in the objective function. We now present the second optimization model (P,)
which solves the problem of making a plan for operating the shelter while restricting the total number
of euthanasia below a certain value. Therefore, this model can be more useful when we try to reduce
the number of euthanasia to a specific target value. The second optimization model is formulated
as follows:

(P)minBY Y Y wvip+vr), ) on (11)

iEN jEN:j#i teT iENtET
s.t. (2)=(10),

Y)Y di<p-), ) Ri (12)

ieENteT ieENteT

In the objective function (11), the term corresponding to the number of euthanasia is dropped
from the objective function (1) of the first model, and it is moved to the Constraint (12). Therefore the
objective is to minimize the weighted sum of the number of animals transferred between shelters and
the number of animals in excess of the capacity of the shelter over a planning horizon. Constraint (12)
enforces that the total number of euthanasia occurred over a planning horizon is not greater than a
certain percentage (p) of the total number of rescued animals over a planning horizon. Note that the
Constraints (2)-(10) of the (P;) are all remain the same in the model (P,).

3. Data

Our case study is conducted at 32 animal shelters in the Seoul capital area. Figure 2 shows
the location of each shelter and its capacity (CAP;), which is defined as the maximum number of
animals (dogs and cats) that can be housed simultaneously in the shelter. These data were obtained
through a request for disclosure of information to the Korean Ministry of Agriculture, Food, and Rural
Affairs [14]. Note that small animal shelters with a capacity of less than 15, most of which are run by
animal hospitals, are not considered in our case study.
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Figure 2. A graphical illustrationof the location of animal shelters in the Seoul capital area. Small-sized
circles represent shelters with a capacity of 50 or less, medium-sized circles represent shelters with a
capacity of 50 to 200, and large-sized circles represent shelters with a capacity of 200 or more.

To simulate the real-world practice of an animal shelter, it is assumed that the number of daily
occurrences of each event that occurs for shelter animals follows the Poisson distribution. Here,
each event corresponds to one of the following: (i) arrival at the shelter, (ii) leaving the shelter
(adoption + return to owner), (iii) euthanasia, and (iv) natural death. Specifically, the number of
daily occurrences of a type t event at shelter i is modeled as a Poisson process with an arrival rate
rit. This daily arrival rate (an average daily occurrence) is set as the total number of type t events
occurring at shelter i during 2017 divided by 365. Figure 3 depicts the box plot of the number of daily
occurrences for 32 shelters by event type. Using these Poisson processes, we generated ten random
instances with a planning horizon of ten days, i.e, T = {1,...,10}. Here, the number of animals
euthanized is not generated since it is determined by the optimization models. Note that we conducted
numerical simulations on these ten instances to prevent the bias of generated data and obtain reliable
results. As stated previously, because shelters in Korea often suffer from a lack of space, it is assumed
that, at the beginning of the planning period, each shelter is fully occupied by shelter animals.

The weights «, 8, and <y represent the relative importance of each term used in the objective
functions. They work in such a way that larger values lead to fewer occurrences of the corresponding
term, and smaller values lead to more occurrences. The default values for these weights were estimated
based on the cost of actually performing each action. The weight « represents the relative importance
of euthanasia, and the cost consists of euthanasia costs, including labor costs and drug costs, animal
carcass disposal costs, and social loss costs caused by euthanasia. The weight  represents the relative
importance of animal transfer, and the corresponding cost is estimated from the operating costs of the
vehicles used for animal transportation. Finally, the weight y represents the relative importance of
housing animals in excess of shelter capacity, and the cost is estimated from the additional cost needed
for housing one more animal, including feed cost. This cost is not that significant since most of the
shelters are flexible in accommodating a few more animals in the short term. Considering relative size
of these cost components, the default values were determined as « = 24, § = 20, and ¢y = 1. In our
case study presented in Section 4, we aim to solve the models for different values of «, 8, and  to see
the effects of the change of these parameters.

The minimum and the maximum number of animals that can be transported at one time is set as
TMIN =5 and TMAX = 10. The maximum value was determined based on the capacity of animal
rescue vehicles used in Korea, while the minimum value was set to half of the maximum value because
transfer between shelters will occur too frequently if a small number of animals are allowed to be



Sustainability 2019, 11, 6702 7 of 13

transported at once. Finally, the é value was set to 0.1 considering the physical restrictions of shelter
facilities, which indicates that animals can be housed in the shelter in excess of 10% of shelter capacity.

=2}

=
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Number of Daily Occurrences

pll

Arrival Lea'ving Natural death

Figure 3. Box plot of the number of daily occurrences by event type. Black circles represent the average
number of daily occurrences over 32 animal shelters.

4. Results and Discussion

In this section, we present the results of our case study on the Seoul capital area. All of the tests
were performed on a 2.9 GHz Intel Core i7 processor with 8 GB RAM. We solved all of the instances
using Xpress 8.5 [15] with the default parameter settings.

4.1. Impacts of Efficient Utilization of Space Resources

We first examined the case where animal transfers between shelters and capacity increases were
not allowed. The results are obtained by solving the model (P;) with a very large value of  and 7.
All of the ten instances were solved within a few seconds. We refer to this as the default case because
we will see the effects of animal transfer and excess capacity by comparing the results obtained with
this case. The results of the default case are shown in Table 1, which shows the optimal objective
value (Obj), the number of animals entering shelters (#Arrival), the number of animals euthanized
(#Euthanasia) over a planning horizon of ten days, and the ratio between these two numbers (Ratio).
From the table, we can observe that when there are no animal transfers between shelters and no excess
accommodation, an average of approximately 1000 animals enter the shelters for ten days, and an
average of approximately 300 animals are euthanized during the same period. Each row of the table
presents the results for one of ten instances. The ratio in the last column is reported to show how
many euthanasia procedures were performed during the planning period compared to the number of
animals entering the shelter during the same period. It should be noted that it does not mean that a
given percentage of animals among those entering the shelter is euthanized.
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Table 1. Results obtained when animal transfer and capacity increase are not allowed (default case).

Instance Obj #Arrival (a) #Euthanasia (b) Ratio (b/a)

1 7632 1021 318 0.31
2 7176 1028 299 0.29
3 7056 998 294 0.30
4 7440 1046 310 0.30
5 7848 1032 327 0.32
6 7152 1021 298 0.29
7 6336 1014 264 0.26
8 7224 1004 301 0.30
9 6696 1012 279 0.28
10 8808 1099 367 0.33
Average 7337 1028 306 0.30

We next examine the case where animal transfers and capacity increases are both allowed.
The results are obtained by solving the model (P;) with default parameters of «, §, and <. It can
be expected to reduce unnecessary euthanasia that would have occurred if these two strategies were
not implemented. Table 2 shows the results for ten instances and the average results. The table shows
the computational performance of the model (P;) by reporting the computation time for solving the
model in seconds (Time) and the gap obtained at termination (Gap). All instances were solved within
180 s. The gap is a measure of how close the solution obtained is to the optimal solution. For example,
the gap of 1.15 obtained for the third instance means that the difference between the optimal solution
and the solution obtained after 180 s is less than 1.15% of the obtained solution. Note that in the
Table 180* means that the instance was not solved to optimality within 180 s. However, we can see that
all instances were solved to optimality or very close to optimality within 180 seconds.

Table 2 reports the percentage reduction of euthanasia compared to the default case (Reduction),
the occurrences of animal transfers between shelters (Occurrence) and the number of transferred
animals (#Animal) under the heading of Transfer, and the number of animals housed in excess of
the shelter capacity (#Excess) under the heading of Overcrowding. We can first see that the overall
objective values are reduced 11.8% on average compared to the default case because the animal
transfer and overcrowding costs are less than the cost for euthanasia. We next observe that the
number of euthanasia that occurred during ten days is reduced significantly compared to the default
case. The average reduction of euthanasia achieved when animal transfers and capacity increases are
allowed amounted to 22.7%. The transfers between shelters did not occur frequently, with an average
of 5.2 occurrences over ten days, and the total number of transferred animals averaged 34.8%. It is also
observed that the number of animals housed in excess of the shelter capacity is an average of 87.8 over
ten days, which is very small compared to the sum of the capacities of all shelters (3701) considered in
the Seoul capital area. A notable finding from these results is the fact that the number of euthanasia
was reduced considerably by approximately 22.7% with an implementation of a very small number
of transfers between shelters and a small increase of shelter capacity. This demonstrates the highly
significant impact of the introduction of transfer and capacity increases in reducing euthanasia.
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Table 2. Results obtained when animal transfer and capacity increases are allowed.

Instance Euthanasia Transfer Overcrowding Problem Solving
Num Obj Occurrence Reduction Occurrence #Animal #Excess Gap (%) Time (sec.)
1 6714 256 19.5% 4 23 110 0.00 22
2 6363 233 22.1% 4 35 71 0.02 180*
3 6292 232 21.1% 5 32 84 1.15 180*
4 6669 224 27.7% 9 62 53 0.00 422
5 6563 247 24.5% 4 24 155 0.00 69.4
6 6191 241 19.1% 2 15 107 0.48 180*
7 5693 191 27.7% 8 53 49 0.98 180*
8 6293 198 34.2% 11 73 81 0.00 154.1
9 5893 231 17.2% 2 13 89 0.00 109.3
10 8047 317 13.6% 3 18 79 0.58 180*
Average 6472 237 22.7% 5.2 34.8 87.8 0.32 129.7

4.2. Sensitivity Analysis

We further analyze the sensitivity of the results with respect to parameters «, p, and <. Since
the values of these parameters are not easy to estimate and can easily be changed according to the
decision maker, it is necessary to investigate the change of the results according to the change of
parameter values.

We proceed with an analysis of the impact of the « value, representing the cost of euthanasia,
on our results. Table 3 reports the results, where each row refers to the average value over ten instances.
It is observed that the number of euthanasia decreases with the increase of the a value as expected.
Note that after the average number of euthanasia reaches 231.8, the number of euthanasia no longer
decreases. This indicates that euthanasia for an average of 231.8 animals is inevitable due to the
capacity limit of shelters. We can also see that the increase of shelter capacity is the first option
considered to reduce euthanasia numbers, and after such an increase of capacity is no longer possible,
animal transfer between shelters seems to be implemented.

Table 3. Results obtained for different a values.

% #Euthanasia Reduction #Transfer #Animal #Excess

1 305.1 0.3% 0 0 0.6

5 276.5 9.6% 0 0 56.8
10 271.6 11.2% 0 0 87.3
20 263.1 14.0% 1.3 8.5 87.3
30 235.2 23.1% 59 37.2 88.3
40 234.7 23.3% 6.1 38.6 87.8
50 231.8 24.2% 7.1 43.6 85.9
100 231.8 24.2% 7.1 43.6 85.9

We next conducted a sensitivity analysis of B values representing the cost of transporting animals
from one shelter to another. As can be seen in Table 4, the animal transfers decreases, and the number of
euthanasia increases with the increase of the § value. It seems that the animal transfers no longer occur
as 3 exceeds the a value, and in this case, the increase of shelter capacity is only implemented to reduce
euthanasia. We can observe that the impact of the increase of shelter capacity only amounts to 11.2%
of the euthanasia reduction. Table 5 shows the results of the sensitivity analysis of v, representing the
cost of increasing the unit capacity of the shelter. The number of animals housed in excess decreases as
v value increases. However, the number of euthanasia is less affected by the change of the v value
since the animal transfer rate increases when 7y decreases and therefore mitigates the impact of y on
the increase of euthanasia. Note that when v is sufficiently large, no animals are housed in excess and,
in this case, we can see the impact of animal transfers only. The impact of the animal transfers only
amounts to approximately 12% of the euthanasia reduction.
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Table 4. Results obtained for different  values.

B #Euthanasia Reduction #Transfer #Animal #Excess

10 235.3 23.1% 6.2 38.5 89.1
20 237.0 22.5% 52 34.8 87.8
30 271.6 11.2% 0 0 87.3
50 271.6 11.2% 0 0 87.3

Table 5. Results obtained for different «y values.

B #Euthanasia Reduction #Transfer #Animal #Excess
1 241.8 21.0% 44 30.1 92.3

5 257.8 15.8% 3.2 19.6 55.1
10 258.9 15.4% 4.3 27.5 26.9
15 267.8 12.5% 4 25.9 12.6
20 265.8 13.1% 4.7 29.2 11.9
25 271.4 11.3% 5.8 35.7 0
50 269.5 11.9% 5.9 36.8 0

4.3. Results with an Explicit Limit on Euthanasia

In this subsection, we examine the results obtained by solving the model (P,), which restricts the
total number of euthanasia below a certain level. From the model (P), we produce a shelter operation
plan under a specific goal of euthanasia reduction. Table 6 shows the results obtained from the second
instance among ten instances for different p values representing the maximum ratio of the number of
animals euthanized to the total number of incoming animals over a planning period. Note that the
p values are tested up to p = 0.29 because we noticed that the ratio of the number of euthanasia to the
number of incoming animals was 0.30 on average in the default case, as shown in Table 1. Note also
that when p is less than 0.22, the models were infeasible, i.e., it was not possible to reduce the number
of euthanasia below 22% of the total number of animals entering the shelter during the same period.
From the table, we can see that the model (P;) can produce the solutions for desired p values between
0.22 and 0.29, and the animal transfers and the increase of shelter capacity are used appropriately to
satisfy the maximum limit of euthanasia. Also, it is observed that as the p value decreases, the marginal
cost of reducing euthanasia increases. For example, the cost of reducing the use of euthanasia by 1% is
11 when p = 0.29, but approximately 260 when p = 0.23. In other words, the impacts of animal transfer
and capacity increase can be significant when they have not yet been implemented at the shelters.

Table 6. Results obtained from optimization model (P,) for different p values.

p  Obj #Euthanasia #Transfer #Animal #Excess

022 969 226 6 45 69
023 708 236 4 32 68
024 507 246 4 22 67
025 287 257 2 11 67
026 144 267 1 5 44
027 32 277 0 0 32
028 12 287 0 0 12
0.29 1 298 0 0 1

4.4. Discussion

The results of our case study in the Seoul capital area presented in this section demonstrate that
the euthanasia rate can be significantly reduced with the help of animal transfer between shelters
and the increase of shelter capacity. In our optimization model, we assume that the initial number of
animals in the shelter equals the capacity of the shelter, and the number of animals at the end of the
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planning period cannot exceed the shelter capacity. Therefore, the total number of animals protected
in shelters over the planning period increases with the reduction of euthanasia, but at the end of the
planning period, they do not exceed the shelter capacity. This may be because the shelter animals
are redistributed from overcrowded shelters to less crowded shelters. Note that for the reduction of
euthanasia to be meaningful, it should be accompanied by strategies encouraging adoptions such as
waiving adoption fees or increasing media promotion [11,16,17]. Without the increase of adoptions,
the euthanasia of healthy animals is inevitable under the limited capacity of shelters.

In order for the optimization model proposed in this study to be applied in real-world practice,
cooperation such as information sharing among shelters is essential. In Korea, however, each shelter is
still operating independently, requiring the introduction of a new platform to enable such cooperation.
Such platforms should be centrally operated by local governments because they require central
decision-making to control the operation of shelters, and since most large shelters are run by
municipalities, it will not be difficult to involve them on the platform. However, in order to involve
small privately owned shelters on the platform, incentives such as subsidies will be needed. In Korea,
a platform is already being used to share information about the animals being protected at each shelter
in real time. The platform allows the general public to get information about the adoption of shelter
animals and identify how many animals are being euthanized and how many are being protected on a
daily basis. In addition, this information is easily accessible because it can be viewed through a mobile
application. Therefore, the improvement of this system is expected to enable the sharing of various
information among the shelters to introduce the optimization system proposed in this study. Moreover,
with the introduction of information systems to enable information sharing between shelters, recent
advances in sensor monitoring systems can help animal shelters collect real-time information about
shelter animals [18].

One of the limitations of this study is that many qualitative factors related to animal welfare
were not considered. For example, negative effects, such as stress that animals will experience due to
transfer between shelters, are difficult to quantify accurately, making them difficult to incorporate into
the optimization model. It is also very difficult to quantify negative effects due to mental stress from
animal euthanasia experiences by veterinarians and shelter staff in charge of euthanasia. Therefore,
future research will need to address effective ways to reflect these qualitative factors in quantitative
optimization models.

Our case study dealt with 10 day instances with deterministic data. However when our
optimization models are applied in real-world practice, it may not be possible to obtain the exact
data on the number of animals entering and leaving shelters. In reality, such optimization models
are solved repeatedly every day by shifting the planning horizon, which is called a rolling horizon
approach [19-21]. Therefore, it is acceptable to use predicted values for input data. Because the input
data are reset every day, inaccurate future data does not significantly affect the solution.

5. Conclusions

In this study, scientific decision-making techniques were used to reduce euthanasia rates in animal
shelters. In particular, we developed the mathematical optimization models to determine the operation
of the animal shelter with the objective of minimizing euthanasia. In the proposed models, we used
animal transfer between shelters combined with an increase of shelter capacity as a way to reduce
euthanasia. The validity of the proposed models was demonstrated by the case study in the Seoul
capital area, Korea. Our findings indicate that animal transfers and the increase of shelter capacities can
contribute to a significant reduction in the use of euthanasia. Therefore, if our approach is combined
with the policies encouraging adoptions, it is expected to contribute greatly to improving animal
welfare in shelters.

As a final remark, we mention that, to the best of our knowledge, this study is the first in the
literature that applies scientific decision-making and optimization techniques to the operation of
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animal shelters as a way of improving animal welfare. We hope that our study will motivate further
research on the application of optimization in the field of animal welfare.
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